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FOREWCORD

This report, prepared by Technology Incorporated, Dayton,
Ohio, documents the statistical analysis of general aviation
VG-VGH data. All data contained herein were collected from
general aviation aircraft operations over the past 10 years.

The NASA Langley Research Center was the procuring agency
for this program under NASA Contract No. NAS1-12389. The
Technical Representative for NASA was Mr. Joseph W. Jewel, Jr.

For Technology Incorporated, the principal personnel
active in this program were as follows: Kenneth W. Payauys
succeeded by Raymond L. Dickey, Prcject Engineer; Larry E.
Clay, Senior Research Engineer; Martin S. Moran, Research
Engineer; Thomas P. Severyn, Jr. Research Engineer; Ruth E.
Meyers, Data Processing Specialist; James E. Kirchmer, Data
Processing Specialist.

The contents of this report reflect the views of the
authors who are responsible for the accuracy of the analysis
presented herein. The ccntents do not necessarily reflect the
official views or policies of the NASA Langley Research Center.
This repert does not constitute a standard, specification, or
regulation.
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ABSTRACT

In support of a NASA program to represent t ‘e loads spec-
tra of general aviation uircraft operating in the Continental
United States, VG and VGH data collected since 1963 in eight
operational categories [(1) twin-engine executive, (2) single-
engine executive, (3) personal, (4) instructional, (5) commer-
cial survey, (6) aerial application, (7) commuter, and (8)
aerobatic] were processed and analyzed to determine or prepare
the following: (a) adequacy of data sampie and current oper-
ational categories, (b) parameter distributions required for
valid data extrapolation, (c) envelopes of equal probability
of exceeding the normal load factor (n,) versus airspeed for
gust and maneuver loaids, (d) probability of exceeding current
design maneuver, gust, and landing impact n, limits, (e) fa-
tigue spectra for gust, maneuver, and landing impact n; loads,
and (f) relationship between design and operational airspeeds.
Significant findings inciuded the following: (1) the data
distributions were mostly log-normal, the rest being normal;
(2) the Instructional and Commercial Survey categories had the
highest probability of exceeding the design ny; limitc for ma-
neuver and gust, respectively; (3) whilzs the Aerial Appli-
cation and Instructional categories required only 860 and 3393
landings, respectively, to experience landing impacts of 1.67
4n,, the other categories required more than 19,000 landings
to reach this level; (4) of the 24 aircraft types, 17 had air-
speeds above the cruise velocity (V¢), but none had airspeeds
above the dive velocity (Vp); the Perscvnal category had the
highest probability of exceeding V(¢; the Instructional and
Commercial Survey categories had the highest V/Vc ratios (ap-
proximately 1.2); and the Twin-Engine Executive category had
the highest V/Vp ratio (approximately 0.925); and (5) each of
the eight operational categories had a distinct load sp<c-
trum which reflected the operational characteristics of the
category definition, and the various aircraft types within
each operational category generally had loads which conformed
closely with the average spectrum.
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1. INTRODUCTION

1.1 Background of Generzl Aviation VG/VGH Program

In 1963 NASA initiated a program toc collect an cperational
data sample representative of the United States general aviaticn
fleet. The following eight operational categories were defined
to collectively represent general-aviation-aircraft usage: (1)
twin-engine executive, (2) single-engine executive, (3) personal,
(4) instructional, (5) commercial survey, (6) aerial ' w.icatinn,
(7Y ~ommuter, and (8) aerobatic. Reference 1 lists t 'pic.l mis-
sions in these categories as follows:

Twin- and single-engine executive:

Charter flights - cargo and personnel.
Business flights - company and individual.
Instrument check flightes - training for instrument card.

Instructional flights - check-out for larger aircraft.

Personal:

Flying club owned - aircraft flown by club with 3 to
21 members: used for pleasure, instruction, or business
flights.

Individually owned - used fer pleasure and business.
Company owned - airplare rented to individual for busi-
ness or pleasure flying; also aircraft used as check-

out for neavier airplare.

Instructional:

Training flights - all instrumented airplanes owned
by flying schools; used as basic trainers for pri-
vate license; also used by student after solo for
cross-country flight.

Commercial survey:

Pipeline-patrol flights - patrols flown fiom 76 to
91 meters (250 to 300 feet) abuve terrain to check
for leaks or breaks in the pipzline,.

Forest-patrol flights - patrvrols flown 457 meters
(1500 feet) above terrain for fire detection. When
fire is spotted, descents are made to 61 to 91
meters (200 to 300 f~=t) to check condition of ter-
rain around the fire.

Pt S,
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Pathfinder flights - flies to fire perimeter and
marks drop area. Descents are made to 15 to 46
meters (50 to 150 feet) above terrain to insure
turbulence is not too severe for chemical bomber
during dropping run. Chemical bomber drops are
observed, and effects on fire are noted.

Fish-spotting flights - patrols flown 457 to 610
meters (1500 to 2000 feet) above water. Occas-
ional descents are made tc 91 to 157 meters (300
to 500 feet).

Aerobatic:

Noncompetitive flighis - aircraft flown by amateurs.
Occasional aerobatics are performed, usually as in-
dividual maneuvers.

Competitive flights - aircraf: flown in airshows,

in national and international aerobatic competition,
and in practice sessicns. Obligatory maneuvers, one
immediately after another, are performed in a re-
stricted cube of air.

Aerial application:

Crop dusting and/or spraying flights - aircraft flown
at heights ranging from 0.9 to 5.5 meters (3 to 18
feet) above crops. Spreading runs are characterized
by sharp pushover at start and hard pull-up at end of
spreading rtuns.

Commuter:

Operational flights - normally scheduled passenger
carrying operations.

Crew flights - crew training, or flights on which
structural or mechanical tests are made on the
aircraft.

These operational categories do not generally correspond
to the Reference 2 aircraft categories (normal, utility, acro-
batic) because, ecxcept for the aerobatic and aerial application
operational categories, the operators select aircraft -n the
basis of performance and/or cost instead of design maneuver
capability.

The analysis will examine about 12,000 hours of VGH and
70,000 hours of VG data. To obtain the data sample, three
types of aircraft were generally selected as represeatative
of each operational category. The type of operation, the
number of basic types of aircraft, the number of aircraft,
and the hours of data used in the analysis are listed in




Table I. The basic VG-VGH data were collected from aircraft
selected nationwide to avoid a geographical bias. All in-
strumented aircraft were owned by individuals or companies
who participated on a voluntary basis. The data collection
objective for each instrumented aircraft was 1000 hours ot
in-flight data during each of the four calendar quarters.

TABLE 1. SUMMARY OF RECORDED DATA

Operational Type of No. of Aircraft No. of Hours of

__uategory __bata_ Types Aircraft __Data
Iwin-engine VG 3 18 14.7_2~2
evccutive VGH 5 9 3,377
Single-engine VG 3 15 8,430
ceaecutive VGH 3 8 1,366
Personatl VG 3 15 5,456
VGH 3 2 724
Ins cructional VG 4 17 10,357
VGH 5 6 2,843
Commercaal VG 2 14 26,089
survey VGl 4 4 2,291
\erial VG 3 7 1,857
application VGH 2 2 484
Commuter VG 3 ) 4,000
VGH 2 2 1,510
\crobatic VG 3 5 382
VGH 0 0 0

Two types of NASA recorders, the VGH and the VG recorder,
were u-ed to collect the data. The VGH recorder is an oscil-
lograph which records a time history of indicated airspeed,
pressure altitude, and c.g. normal acceleration at a rate of
approximately one minute of elapsed time per 1.27 cm (0.5 inch)
along a 70-mm-wide film. The VG recorder records an envelope
of maximum c.g. normal accelerations and their corresponding
airspeeds for the period of operation (a one-fiight duration
to several hundred hours) while the recording medinm is in-
stalled. References 3 and 4 detail the VG and VGH recorders,
respectively.

The VGH oscillegraph data was reduced to digital samples of
indicated airspeed and pressure altitude at one-minute intervais
during the recoided flights and digital samples of c.g. normal
acceleration, indicated airspeed, and pressure altitude at each
acceleration peak and trough outside the prescribed thresholds
(t0.4g for general aviation aircraft and :0.2g for airline air-
craft). The VG data was reduced to the maximum and minimum



c.g. normal acceleration in each 10-knot indicated airspeed
interval, the maximum indizated airspeed attained, and the num-
ber of flight hours during the period that each recording slide

was installed.

Table II summarizes the pertinent data for the instrumented
aircraft. With a breakdown by aircraft operational category,
this table lists the type and number of installations, the
amount of recorded data, and the pertinent aircraft configura-
tion and operational characteristics.

TABLE II.

CHARACTERISTICS OF INSTRUMENTED AIRCRAFT

VG hr: 14,722, VGH hr: 3,377

Twin-engine executive lype
1 2 3 4 SA S8 $C 6 50
(-G installations . . . . 0 0 2 3 4 3 1 1 1
V-G hours . L L L L L L 4] 0 0 7191 3035 2730 145 486 1138
VGH sn<tallations . ., . . 4 1 2 1 1 0 0 0 0
\GH hours . . . . . . . 824 693 38 350 1183 v 0 0 0
Maximum zross weight
kY . . . 117.° 55.6 40,0 1.4 21.5§ 22,7 22.2 30.2 3.1
| L R 20 455 12 500 2000 4800 4830 5100 4990 6800 5200
wing span:
L T 16.3 11.% 14,0 11.3 11.0 11.2 11.2 12.1 11.2
£t . §3.5 376 45.9 37.0 36.0 36.9 36.9 39.8 36.9
Wing uTea:
;)
n” - .. e 210 21.5 0.0 19.2 16.3 16.3 16.3 18.6 16.3
3
ft o .. o0 L 14 231.8 279" 207 178 175 175 200 1°s
Tvpe propulsion . . . . . Turbojet Turbojet Turbopiop Piston Piston Pisten Piston Piston Piston
&C 3t sea level, knots 348 382 208 172 182 182 182 200 182
Vyp WU sea level, hnot . AR sk I3 216 ns 223 219 236 19
\n at <ea level, knots 4585 400 260 240 239 248 243 262 24,
ing at \C PN 1S 3.40 .70 2.80 2.80 2.80 2.80 2.60 2.R0
Ny R AL L o0 .7 .68 .52 2.52 2.82 2.52 2.44 2,82
r.R at \L . 3.40 2.44 210 2.10 1.97 1.8¢ 1.91 1.93 2.35

amon operating speed

VG hr: 8430, VGH ur: 1366

— —
| Single-engine executive iype
r— A 78 8A ™ ac | s 8r a6 8F 9a | o 9c 9D
V.G anstallations. . . . . i 2 1 9 1 2 1 o 1 ) 2 0| 2
V-Ghours . . . . . .. 1180 137 0 898 23 1392 277 0 1202 785 1170 0‘ 1386
VGH installations. . . . . : 2 0 1 0 ] 1 1 1 1 0 1. 9
VGH hours. . . . . . . . . | 3" 0 149 ] 0 o 2209 16 175 424 0 136} 0
Maxisum gross weight* i
KN C Lo s e { 12.9 12.9 11.8 12.3 12.3 13.1 13.9 14.7 15.1 11.3 11.8 1.8 12.5
) L T 2000 2900 2650 2778 2778 2950 3128 3300 3400 2550 2800 2650 | 2800
Wing span: ! ' 1 -
B . e e e 11.0 10.0 10.0 10.0 16.0 10.2 10.2 10.2 11.0 11.0 11.0 11.0!
ft ... ... ... I 36.0 36.0 32.8 3.8 2.8 2.8 33.§ IS 33.5 36.¢0 36.0 36.0 36.1[
Wing area. i
n] ........... ; 16.5 lo.§ 16.5 16.5 16.5 16.5 16.8 16 8 lo.8 16.2 16.2 16.2 lo.z;
fl: ..... e 178 178 17°.6 177.6 177.6 177.6 181 181 181 174 174 174 174
Type propulsion. . . . .'Piston | Piston | Piston | Pistor | Piston| Piston| Piston| Piston| Piston | Piston)| Piston| Piston Piston
Vr at sea level, knots . i 156 156 13¢ 182 152 174 161 168 1119 139 139 139 139!
\\i at sea level, knots. J 197 197 175 175 182 195 195 195 195 160 187 162 lb?l
\D at sea level, knots . 219 219 07 17 201 21? 217 21° 217 177 186 180 llb!
Arm at Vc ...... .; 2.80 2.80 3.40 3.40 3. 40 3.4n 3.40 3 40 3. %0 2.80 1.80 2.80 2.80
an_ at VC ........ 2.57 2.¢%2 2.76 2.76 1.76 2.76 2.76 2.76 2.76 2.52 2.82 2.52 2,82
Anu st V.. ... 2.5¢8 .48 2.40 2.58 2.88 2.7% 2.43 2.38 2.%7 2.50 2,33 2.33 .50
|

#uPRODUCIBILITY OF THE
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TABLE II. - Concluded

¢ . . M
VG hr: 5476, VGH hr: 724 VG hr: 10,357, VGH hr: 2,843
. Personal type L Instructional type !
: b
10A 108 . it Lo 12a 1’8 i 13 ‘ 13 is 164 1nR 160 H !
o T T It eI l ’ ' e
Vv anstasiataouns. e i N > H L, B & N . : M '
A\ G hours, oL o Lo L ong 88 1ral OR 250 ]62 | 1751 LER] 1240 | S 24x1 M‘
\oll nstallations. . . . . 1 0y 1! 0 4 2! I 1! a i i
MG hours o 0 0 L 0 L 209 o, l'h; 1Q ."ﬂil 1008 | EAE} 313 gtl . (U [ 214
, Maximum 2108s weight: . ! } ! . .
MWL s.8' 0.2 11.8 a8 1077 6.7 % LU Y sl R IE
1b C e e e e N 200 RTINS S 2200 ‘400‘ 1500 1650 1150 1500, 1600 1°00 2250
,wing $an : i ' : ' ' i
Be & o 4 e e e e 1.0 1.0 | SUN a.1 9.1} 10.7, R 9] L 6.2 1o .~
ft . ... 0. a 36.0 36.21 35.9, 30.0 30.0! 35.2 .0 30.0. 334 3.6 3. \5.0‘
b ming arca . i ; N {
L I 2 A T ls‘sl 1490 1490 15.B0 13T 1409 1409 1.0 Y xo.sl
+ i :
3 S =43 174 167 160 160, S U 1T 1o0 160 100 15" 18
Tvpe prapulsion . . . . . Piston, Piston ' Fistoni P:slvlj Piston: Piston | Paston Fiston ' Piston Piston Piston Pl«tnn,
° Ve ot <ea level, knots . 22; 126 130! 122 1221 8" RIS 1. 104 104 14 |
VL 3t sea level, knots ll!! 158 ’ lol; 148 ¢ 148/ s 129 4y t3” 11} 15 137
Vp 3t sea level, kaots . . lbsi 1754 182 105 | 165" 130 ' 143 164 152 156 156 lod,
¥
! ing at \'c e e e e e 2.80) 2.80! .80, 2.80 2.80° 3.5 3.40 2.80 3.4 140 3,40 2,60
samg At Ve oL ..SZ{ 2.5241 2.82, .82 2.52 2.20 2.76 2.52 2.7 2.7 2.7 :.S:i
i . N .
l.\nr at V. . e v.40p 2077 242 2.%0 2.30 2.38 N 2.30 2,59 2.46 2.4 .40
4 : H '
VG hr: 26,089, VGH hr: 2,291
L Commercial survey tvpe
T
Fooa 98 90 101 16¢ 13 19 19
Yvefanstallations. . .. 6 .0 1 [ 1 0 0 0
\-vhours. . ... ... 1006 0 30184 19 950 2119 0 0 0
\GH tn<tajlations. . . . . 0 1 0 0 0 1 1
VOH hours . . . . . . Q [ 0 1503 [ 9 as 223
Maximum gross weight:
kN oo 11.3 12.8 12.5 6.7 S | 6.7 13.1 311.4
b . . . . 2850 2800 2800 1500 1600 1500 2950 70 0vo
»ing Spun:
Mo v o e e e e e e 11.0 11.0 11.0 10.2 10.0 19.7 16.6 30.9
fr . e e e e e e 36.06 36.0 36.2 33.33 32.7 35.2 32.8 101.3
Ming arca '
M e 16.2 16.2 10,9 14.6 16.6 16.5 92.9
el 1 174 174 160 187 1°8.5 17764 10C0.0
irpe propulsion. . . . . .[Piston Piston Piston Piston Piston Paston Piston Piston
\L at sea level, knots . . 139 139 139 104 104 9% 152 182
Vg 3t sea level, knots. . 1690 167 167 137 141 129 219
\D at -ca level, krots . . 17" 186 186 152 156 143 243 312
Ann at VC PR 2.80 2.80 2.80 3.40 330 3.40 5.00
~An' at \c e e e e e e 2.8 2.82 .82 2.7 .0 2.7 4.00
An_ at V..o ... .. 2.50 1.3 .50 2.59 .40 2.2 2.2
4 C
VG hr: 382 VG hr: 1857 VG hr: 4060
ad
VGH hr: 0 VGH hr: 484 VGH hr: 1510
{ Aerobatic ype Aerial application type Commuter type
l MY 23 N ey 22 23 24 1 5 26 2% 28
\-G 1astallations. . . 1 2 1 1 : 3! N 2 2 1
V-G hours c e e SOl 164 141 27 690 R13 354 "8" 2068 1208
VGH wistallations. . . . 0 il 0 1 l‘ 4 1 Q 1
VGH hours., . . . . . . . . 0 0 0 0 3ng 178 o 215 0 895
Maximum gross weight:
kN e e e e e e e .2 8.9 8.9 5.1 6.7 12,91 20.0 S1.0 37 8 46,3
b . oo 1650 2000 2000 1150 4000 Zqﬂﬂ| 4500 11 08 8500 10 300
Wing span
. Me v v v e e e e 9.8 9.5 y.5! Upper, 5.3 13.8 11.0] Upper, 10.9 19.8 15.3 4.0
Lower, 5.2 { Lower, 10.4
ft . . 0.0 2.0 31.3 31.3 ] Upper,17.3 4.3 KC.Z| Upper, 35.° 65 50.3% i5.9
lower,16.8 lower, 34.0
Wing area:
. L 15.7 16.0 16.0 | Upper, 3.6 in 3 17,0 Upper, 15.¢ 9.0 2°.3 6.0
2 lLower, 4.5 i Lower, 14.9
feh. L. oL oL 169 172 172 | Upper,50.0 326.4 183.6 | Upper,168.0 420 293.9 2797
Lower 48.4 | Lowar,160.0
Type propulsion., . . . . .| Piston| Picton | Miston Piston | Piston F\uionl Piston Turhoprop | Miston | Turboprop
VC at sca level, knots . . 114 100 106 126 117 108 | 164 178 226
Yy 4t sea level, knots. . 226 174 174 176 148 138 128 202 234 2o
Vn at sca level, knots . . 251 200 200 198 164 151 142 228 260 282
A"m at \c S 00 5.00 S.00 .00 2.80 2.80 3.20° 2.2 .70 2.9
-bn, at V. 6. 00 400, 4.00 4.00 2.90 2.52 200 2.80 .60 2%
dn_ at Vv 310} - ee e .07 1.78 1.83 1.8% 2380 1S 1 s
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1.2 Program Objective

The program objective was to provide the following:

1) A check on the adequacy of the sample size for
statistical analysis.

2) The statistical distributions of the parameters
required for extrapolation.

3) Envelopes of equal probability of exceeding n,
versus airspeed for gust and maneuver loads.

4) The probability of exceeding current design ma-

neuver and gust 1imit luads for the aircraft
categories, namely, normal, utility, and acrobatic.

5) A review of the adequacy of design categories
to account for operational experiences.

6) Fatigue spectra for gust, maneuver, and landing
impact loads.

7) The probability of exceeding the design landing
gear load factor.

8) Airspeed practices 1n relation to design airspeeds.

9N Recommendations for future data collection and
presentation.

2. RESULTS AND DISCUSSION

2.1 Recorded Data Sample Size

Table I lists the number of hours of VG and VGH data, the
number of aircraft types, and the number of instrumented air-
craft in each operational category.

The number of recorded VGH hours and VG records in

each operation is a significant parameter in estimating the
design probabilities. The minimum required sample size for
the VG and VGH data was established by constructing a two-
way contingency table and applying the chi-squared goodness-
of-fit test. Accorcdingly, the minimum sample sizes for the
VG and VGH data were found to be 125 records and 150 hours,
respectively. Therefore, the sample size for the Aerobatic
category in both the VG and VGH data was inadequate, and the
sample sizes for the Aerial Application and Commuter cate-
gories in the VG data were inadequate. However, all the VGH
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data for the Commuter category were recorded on only two in- :
strumented aircraft which is not sufficiently representative :
of commuter-type aircraft.

In practice it is often assumed that an observed vari-
ate conforms to some particular distribution. It is then de-
sirable to determine the sire of data sample required to ade-
quately describe the distribution of the parent population.
One widely used technique is to test the independence of two
randomly chosen data samples by the construction of a two-way
contingency table. If the probability of occurrence c¢f a
particular value of the variate is independent of the random
sample that it is taken from, then the random sample distri-
bution is assumed to adequately describe the parent distri-
bution.

Suppose .hat n individuals or items are classified ac-
cording to two criteria A and B, that there are r classifi-
cations A1, A2, ..y Ap in A and s classifications Bj, Bjp,

., Bg in B, and that the number of individuals belonging

ié A; and Bj is N1 We have then a r x s contingency ta-
ble w1th ceil frequenc1es Njj and I Njj = n:
Bl Bz 83 Bs
Y 1 2 N3 s
‘2 N N2z Na3 N2s
'3 N5 N3z N33 3s
A, Ny N2 3 Nrs

As a further notation we shall denote the row totals by Nj
and the column totals by NJ, that is,

Nj =} Nij and Nj =} Nij
j i
0f course, 2 N; = Z Nj =n

The n individuals will be regarded as a sample of size
n from a multinominal population with probabilities pij(i=1
2, ..., r; j=1,2, ..., s). Let the null hypothesis, Hgp, be
that the A and B classifications are independent, i.e., that
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the probability that an individual falls in Bj is not af-
fected by the A class in which the individual belongs. When
the null hypothesis is not true, there is said to be an in-
teraction between the two classification criteria. Two
statistical events Aj and Bj are said to be independent if

P{A; O Bj} = P{Ai} P{Bj}

Thus the null hvpothesis is

where Ip; = 1 ;Zp.=1

Now construct the statistic
- 2
Q - z [Nij n(Ni/n) (NJ/n)]
n(N;/n) (N;/n)

i,j
where Ni' - n(Ni/n)(Nj/n) is the difference between the actual

number of occurrences of a particular value of the variate Nii
and the predicted number if H  is true. Of course, ’

Ni/n=Pp; ; Ny/n=p

It can then be shown that the statistic Q has approximately
the chi-square distribution with (r-1)(s-1) degrees of free-
dom. The test criterion is to reject Hy for large Q. Thus,
Q will tend to be small for Hy true and large for Hy false.
The value of the chi-squared statistic Q is then compared
with the critical value with (r-1)(s-1) degrees of freedom
and the desired significance level.

Contingency tables were constructed and the chi-squared
goodness-of-fit test was applied in the VGH sample size in-
vestigation., Figures 1(a) through 1(d) present the results.
The point at which the ratio of Q to X?,, exceeds 1.0 is the
point at which the data sample distribution no longer ade-
quately desciibes the parent distribution. Positive and neg-
ative maneuver and gust accelerations were investigated. The
positive mancuver sample exhibited the largest amount of VGH
hours required for an adequate sample size. The same test
was applied to the VG data. The results are shown in Figure 2.
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2.2 Observed Statistical Distributions

In extrapolating the load factor distributions to deter-
mine the probabilities of exceeding the design limits, it was
necessary to fit a distributional form to the recorded data.
Three s tandard distributions, normal, log-normal, and exponen-
tial (a special case of the Weibull distribution), were consid-
ered. A widely used proceaure to establish the data distribu-
tion is the chi-square test. However, since this method re-
quires a great deal of data, its application is limited. An
alternative method is to plot the data on various types of
probability paper (normal, log-normal, and Weibull). Then the
plot which most closely approximates a straight line indicates
the distribution type and consequently the corresponding paper
type best suited to display the data. Figures 3 through 5 are
samples of plots on each paper type. Since, as apparent, the
plot on the log-normal paper most closely approximates a straight
line and therefore best represents the data distribution, the
data for each airspeed level in each of the operational cate-
gories were plotted on log-normal paper. Most of the recorded
data conformed to the log-normal distribution, with the rest
of the data resembling a normal distribution. None of the
recorded data resembled an exponential distributioan.

Except in a few flights where the instrumented aircraft
within an operational category flew obviously different mis-
sions or where a single instrumented aircraft flew two dis-
tinct missions, there was no evidence to indicate that a load
factor frequency distribution contained two or more sets of
unrelated events. Flights where the instrumented aircraft
within an operational category flew different missions were
evident in the Commercial Survey and Aerial Application VGH
data presented in Table IV (extreme values per flight). The
distribution for aircraft type 23 in the Aerial Application
category in Table IV also shows a dip at a Anz value of +0.7g.
Those flights with maximum accelerat:.ons below a Anz; of +0.8g
were mostly cross-country flights and not the aircraft's pri-
mary crop-dusting mission which generally had maximum 4n,
values above +1.0g.

10
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Figure 5. Sample of VG n, Data Plotted as an Exponential
Distribution

2.3 V-N Probability Distributions

Three V-N constant probability envelopes were constructed
for each operational category from the VG data. The three en-
velopes represent 50%, 90%, and 95% probability levels and are
based on an expected service life of 20,000 flight hours. This
means that an aircraft flying 20,000 hours in a given operational
category has a constant probability of not exceeding the Anj-
airspeed combinations which define the envelope boundary. The
three envelopes can also be interpreted as a 50%, 10%, or 5%
probability that an aircraft will exceed the envelope boundary
at ieast once during 20,000 flight hours. To construct the V-N
envelopes for each operational category required first plotting
the log of the Anz nccurrences for each airspeed range on log-
normal probability paper (see Figure 6). (In all tables and
text discussinns, the parameters are generally denoted by single
values which represent the lower limits of the respective pa-
rameter runges.) These '"probability-of-exceeding-4Anz;'" curves
yield a linear relationship between the log Anz values and the
probability of a single Anz; occurrence exceeding a An; value.
From these plots, and by considering each An, occurrence as a

13
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single statistical trial, it is possible to determine the prob-
ability of a single trial exceeding any An; value. Dividing
the total number of flight hours by the total number of Anz oc-
currences at a given airspeed in a particular operational cate-
gory gives the expression for a statistical trial in terms of
flight hours. With a single trial expressed in flight hours, -
the number of statistical trials occurring at each airspeed in
20,000 flight hours for a particular operational category can
be calculated. It is.assumed that the statistical trials (4n,
occurrences expressed in flight hours) for the 20,000 flight
hours satisfy the requirements for Bernoulli tr1als That is,
each trial has but two possible outccmes. Either the trial
exceeds a particular Anz; value or it does not. Second, each
trial is independent of all other trials. Finally, the proba-
bility of exceeding a particular An, value is constant from
trial to trial. With the above assumption, the An; values

for the constant probability euvelopes may be calculated as
follows:

n _
{(P(NE)}" = P

P(NE) = {Pg}!/D

P(E) = 1 - P(NE)

where P(NE) probability of not exceeding a particular An,

value in a single trial

P(E) = probability of exceeding a particular Ang
value in a single trial
Pr = constant probability envelope value (0.5, 0.9,

0.95)

n = number of trials at a given airspeed in 20,000
flight hours for a particular operational
category

{P(NE)}n probability of not exceeding a particular An,

value during n consecutive trials

Once P(E) is calculated at a given Pg value for a particular
operational category and airspeed, the corresponding probability-
of-exceeding-n, curve can be used to determine the An, value.
‘These An, values are plotted versus airspeed for each operational
category to form the three constant probability envelopes.

In the construction of these envelopes, the VG, rather than
the VGH, data were used since the VG data provided the larger
data sample.

14
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Figures 7 through 13 show the constant probability enve-
lopes for all the operational categories except Aerobatic
which did not have enough Anz occurrences to construct valid
probability-of-exceeding-Anz; curves for each airspeed.

Figure 7 shows the constant probability envelopes for
the Twin-Engine Executive category. The envelope data com-
pare favorably with the operational usage data presented in
Table III. Figure 8 shows the constant probability envelopes
for the Single-Engine Executive category. Again, the envelope
data closely resemble those of the operatioaal usage data pre-
sented in Tabie III.

Figure 9 shows the constant probability envelopes for t*e
Personal category. The extreme values at 150 knots in each set
of envelopes do not have corresponding values in the operation-
al usage data presented in Table III. The probability-of-
exceeding-4An; curve for the 150-knot airspeed was constructed
from only 20 An, occurrences and not all of the data points
fall on any one of the three statistical distributions. How-
ever, since the probability-of-exceeding-An, curves for all
other airspeeds in the Persunal category were found to be log-
normal distributions, the 150-knot distribution was also ana-
lyzed as log-normal. The tendency of the data points, as shown
in Figure 14, to curve downward suggests that a linear extrapo-
lation would yield higher than actual Anz values.

Figure 10 shows the constant probability envelopes for the
Instructional category. The envelope data conform well with
the operational data presented in Table III. Figure 11 shows
the constant probability envelopes for the Commercial Survey
category. The envelope data are the same as the operational
data presented in Table III. The Commercial Survey and Aerial
Application were the only two categories whose probability-of-
exceeding-An; curves were constructed as normal, rather than
log-normal, distributions. None of the categories had curves
with an exponential distribution.

Figure 12 shows the constant probability envelopes for the
Aerial Application category. The extreme values at 90 knots
in the positive An; envelopes do not have corresponding values
in the operational usage data presented in Table TII. The
probability-of-exceeding-An, curve was analyzed as a log-normal
distribution for the 90-knot airspeed and as & normal distribu-
tion for all other airspeeds. Any error in the linear extrapo-
lation will of course be larger on a log scale than on a linear
scale. An extreme An; at low airsveed could also be due to a
flap operation and a low-altitude approach.

Figure 13 shows the constant probability envelopes fcr the
Commuter category. The extreme values at 190 knots in the neg-
ative An, envelopes do not have corresponding .alues in the op-
erationaf usage data presented in Table III. The probability-
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of-exceeding-4n; curves were constructed from only 17 An, oc-
currences. Again, anv small erro» in the extrapolation would

N be compounded on the log scale.
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Figure 7. V-N Probability Distribution for Twin-Engine Executive
Category Based on 20,000 Flight Hours of VG Data
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TABLE III. EXTREME VG VALUES BY OPERATIONAL CATEGORY ;
VG hr: 14,722 :

OPERAYTION: "WIN ENGINE EXECUTIVE IRDICATED AIRSPEED (KN}

8

AN &0 ™ 80 50 100 110 120 130 140 130 160 170 180 190 2 210 220 230 240 250 TOTAL i
2 1 Y

0.0 2 2 2
0,1 1 1 1 [ 7 15 [} 2 2 1 1 [T
0,2 2 k4 k] 9 7 L 3 3 5 14 12 18 15 3 110
0.3 9 24 t3) 17 it 10 & [ ] [} 14 16 16 [ 169
0.4 26 28 3% 29 23 34 9 13 21 23 27 21 L ] 4 320
0,5 26 48 37 36 30 30 23 23 28 30 28 1% 1 3 353
[ 1Y ) 3 32 32 3 29 23 246 25 34 32 21 4 1 321
0.7 18 23 21 26 21 11 13 21 22 17 16 L] 1 1 1 215
0.8 21 16 22 16 1s 23 1 22 22 1% 3 N 19«
0.9 14 13 21 13 16 17 15 2% 19 13 10 2 176
1.0 31 17 13 21 30 32 3 36 28 15 5 3 1 271
1.1 10 [ 11 12 9 12 18 to [ ] 9 3 108
1.2 3 L] 2 9 10 13 [ ] 11 1l 3 1 3 1 "2
. 13 9 1 1 2 9 5 7 3 [y - 1 5%
Lok 1 ? 3 . 2 ? 11 'Y 2 2 2 2 (3
1.8 3 1 2 2 3 3 6 3 3 26
1.6 4 1 2 1 L] 1 3 1 17
1.7 4 2 1 2 1 10
. 1.2 H 1 1 2 1 2 1 1 10 !
1.9 3 3 1 1 1 7 H
2.0 1 1 1 1 2 [
2.1 3 1 '
2.2 !
2.3 1 t :
264 1 1 :
2.3 1 1 2 :
2.6 :
2,7 !
248 .
2.9 H
3,0 H
3,1 '
3.2 .
3.3 N
Jeh
3.5
3.6 !
3.7 )
3.8 :
3.9 i
4,0 ;
4ol
107 223 225 225 225 225 2¢S 225 225 225 209 158 108 48 12 3 1 1 1 2564
N
.
i
;
A3
OPER, TION: TWIN ENGINE EXECUTIVE INDICATED AIRSPEED (KXN) ¢

AN 40 10 80 <0 100 110 120 130 IlQO 150 160 170 180 190 200 210 220 230 240 2350 TYOVAL

=00 1 4 2 4 1t .
0.1 1 7 ) 7 5 4 2 30 N
0,2 5 3 2 2 2 3 3 1 n 10 13 10 1 1 1 68 )
~0e3 12 15 14 14 14 12 10 6 3 18 12 23 7 2 1 | 169

L Y 17 20 38 29 25 30 20 16 1% 19 29 18 14 4 289

-0,5 3 85 48 3] 0 30 31 15 22 17 30 14 . 1 30

0.8 34 42 39 34 36 22 22 19 33 24 1] 9 1 E3 1)

=07 24 27 29 21 29 26 20 23 23 27 17 [ 272

«0.8 25 26 23 31 25 31 25 28 24 27 7 2 276

«0,9 26 14 18 19 19 1] 21 30 32 20 9 [ 1 233 i
~1,0 H] 1 13 18 16 2% 3 36 27 20 12 4 261 ¥
=1l ] t H ) ] 10 13 11 12 ) 2 1 1 T6 +
=142 s ? 2 3 9 13 14 13 . 3 60 3
-le3 5 2 H 3 2 3 ? [] 3 - 39 !
alet 3 1 H 3 1 2 4 18 {
1,8 1 1 2 3 k] H 19 !
=1.6 3 | \ 1 6 :
~1e7 1 2 \ 3 1 1 2 1 1 13 1
~l.0 1 1 1 1 2 t 1 [ :
“1s9 1 1 2 \
2.0 1 1 1 1 . (
~2e1 ) 1 2 i
=242 ‘
-243 t
244

2% 1 1

2,6 1 i

«2.7

=2.8

-2.9

=3,0

-3l 1 {

=342

=33

34

-3,5

346

-3,7

=3.M

=39

4,0

4,1

101 223 22% 2% 2% 2% 22% 22% 22% 22% 20 150 100 o8 12 3 1 1 1 2%¢e
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TABLE III. - Continued

VG hr: 9430

OPERATION: SINGLE ENGINE INDICATED AIRSPEED (KN}

Aollg 60 10 80 90 109 1o 120 130 140 150 160 170 180 190 200 210 220 230 240 250 TOTAL

. 2
Ol 1 5
0.2 1 3 1 2 2
0.3 9 14 20 8 [ 4
[ 20 1% 23 24 19 11 2
0.5 17 18 20 17 20 15
0.6 16 20 26 30 26 14
0,7 9 12 14 15 18 23
0.8 10 12 10 14 14 14
0.9 [ 8 a 12 11 14
1.0 10
1.1
le2
led
1.4
1.5
l.o
1.7
le8
1.9
2.0
2.1
242
2.3 L]
2.4
2,%

13
2 2 5
4 ] 117
130
182
208
164
161
101

>

1
3
&
3 19 13
s

™

15 17 16
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w

- R BN A >
N e B R 2
-
-, Nw
—— g —
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—— e e o
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Tor 131 138 138 138 139 139 139 139 139 119 69 41 10 3 1682

OPERATION: SINGLE ENGIME INDICATED AIRSPEED (KN)

-~
[.q
o
~
Q

LN2 60 10 80 90 100 110 120 130 140 1%0
«040 2 2 2 1 1
=0.1 3 1 1 8
«0e2 1 3 3 1 9
~0¢3 5 12 11 12 8 ] 4 3 7 11
~0,4 21 29 24 21 13 2 5 3 10 12
~0.% 21 16 33 2% 25 |8} 11 10 (] 19
~0.6 10 24 23 33 26 22 9 13 22 10
~0e7 12
«0.8 1%
«0.9 10
~1.0 5
~lel 5
“le2 s
“le3 3
elek 2

-

3

2

180 190 200 210 220 230 240 290 TOTAL
1
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TABLE I1I. - Continued

VG hr: 5456

OPERATION: PERSONAL IMDICATED AIRSPEED (KN}

Hue &0 10 80 9% 100 110 120 130 140 150 160 i70 180 190 200 210 220 220 280 250 TOTAL

0.0 2 2

0.1 1 1 1 1 .

[ 2% 1 1 1 L] L 2 2 2 17

0.3 2 2 L] [ 2 2 1 H 1 22

[ 2%} 12 4 3 1 L] 12 [ s 1 1 52

0.5 12 L] L] 4 ] 9 T 4 2 & 1 2

Oeb 17 13 8 L] 10 1 3 4 1 3 al

0.7 ] 9 8 18 14 [ 5 H 1 7

0.8 L} 18 17 17 15 10 9 1 H 97

Qo9 9 18 20 is 5 [ s 1 2 1 a0

1.0 1% 13 £3) 19 12 19 8 3 2 133

1.1 8 10 13 13 15 4 4 L3 3 76

1.2 9 10 S 16 17 L] & 2 1 1 17

1.3 ? 3 5 8 L] 7 4 1 37

led 1 3 s 3 L) L] 5 1 1 1 3

1e% 1 2 2 6 1 2 1 3 10

1.8 2 t 5 L3 4 2 1 ) 1 n

1.7 1 1 3 1 1 3 [ ]

o8 2 2 2 1 1 1 3

le9 ] 1 1 1 &

2.0 1 1 1 1 1 ]

241 1 1 1 3

242 1 1
243

T 1 1

2,3 1 1 1 3
2.6
2.7
2.8
249
3.0
3.1
3.2
33
a6
3,9
1Y)
3,7
1.8
3.9
4.0
4ol

Tov 1 i 125 127 126 126 18 kL 3 20 13 v 1 L1 1]

OPERATION: PERSONAL INDICATED AIRSPEED (KN)

AN 80 10 a0 90 100 110 120 130 140 1%0 150 170 180 190 200 210 220 230 240 250 TOTAL
-0.0

~0e1 1 3 H 2 A

~0.2 1 2 L] 1 . 1 2 26

~0.3 S 1 1 2 5 4 2 1 2 2 2%

~0ed a L} 1 3 s 13 9 3 2 ? 1 1 k3]

~Q48 14 14 13 3 L] 14 L] 1 1 2 80

«0s8 13 15 12 9 12 12 8 3 1 1 1 .24

~0.7 1 1e 19 18 17 9 s 9 2 %

«0.8 17 21 22 E2d 1? 11 e 1 3 1 127

13 13 19 20 26 134 $ 3 2 112

le 20 ) 19 11 1 ? & 3 2 1354

- 5 T 8 ] 10 & 1 1 30

1 H T 8 v 3 1 1 30

2 [ L] [ 10 1 1 1 31

[y “ 1 t 3 2 3 18

2 2 2 2 i 1 1 1

2 1 1 &

1 1 1 3

1 1 ) 3
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1 1 ] 3

1 t
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OPERATION: COMMFRCTAL SURVEY

an 60
0,0
0.1
0.2
0.3 7
0.4 15
0,% (L]
0.6 17
0,7 %
0,8 1%
0.9 16
1.0 4“8
lel 22
2% 21
1.3 13
leé 10
1.5 te
1ot 11
. 1.7 -
1.8 5
1.9 t
2.0
2.1
- 2.2
243
2.4
2.5
246
2.7
2.8
249
1.0
3.1
3.2
1.3
3.
.5
b
3.7
3.8
3.9
4.0
441
Tar 255
OPERATION:
4NZ 0
-0,0
~041 2
«0,2 L]
-0.3 10
0.4 22
-0.% 29
0,6 53
~0,7 43
0.8 36
=0.9 21
=1.0 11
-l 9
=l.2 1
=le3 4
=l.6 3
1.5
“1.8 2
=la7 t
-l.8
=19 2
=240
=21
~2e2
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-3.0
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170 a0 90 100 110
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3 10
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1 & 10 13
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The data in the constant probability envelopes conform
quite well wi.h the operational usage data for all seven cate-
gories having sufficient An, occurrences for each airspeed.
In the 90% and 95% envelopes, the An, values were usually con-
siderably higher than the corresponding values in the operationdl
data. This was expected since the An; occurrences can be con-
sidered random events that would have a statistical distribution
only within some range of An.. The limits on this range are
determined somewhat by the structural limitations of the aircraft
and the effectiveness of the control system, but mostly by pilot
actions. While the Anz occurrences may conform to a standard
distributicn within this range, the standard distribution will
show a finite probability for a An, occurrence beyond the
limits of this range. Because of its larger data sample, the
VG data was used to construct the constant probability envelopes.
If VGH data had been used, the gust loads could have been sep-
arated from the maneuver loads. The gust loads could be treated
as true random occurrences since they are an exponential function
of altitude and are randomly generated by an external energy
source. Maneuver loads would have to be treated as a condi-
tional distribution which would be truncated at the limits of
the An; range.

2.4 Design Limit Probability Levels

2.4.1 Gust and Maneuver Design Limit Loads

The probtability levels for current gust and maneuver
design limit loads and ultimate (1.5 x design) limit loads were
calculated from the VGH data presented in Table IV. The prob-
ability levels were based on 10,000 and 20,000 flight hours and
were calculated for all operational categories except Aerobatic.
Each probability level represents the probability of exceeding
a particular limit load .t least once in either 10,000 or 20,000
flight hours. Again it was necessary to first construct the
probability-of-exceeding-4n, curves for both gust and maneuver
loads for each operational category. These curves show the
probability of exceeding a given An, in a single flight. Each
flight was considered to be a statistical trial, and these trials
were assumed to satisfy the requirements for Bernoulli trials.
The number of trials (flights) in 10,000 and 20,000 hours was
calculated for each operational category. The probability P(E)
of exceeding a particular limit load at least once in either
10,00uv oxr 20 000 flight hours was calculated as follows:

P = 1 = PE

NE
P(NE) = pyg

P(E) = 1 - P(NE)

33
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where Pp = probability of exceeding a given An_ in a single
trial (as read from probability-of-éxceeding-A4n,
curves)
PNE = prohability of not exceeding a given 6n in a
single trial
P{NE) = probability of not exceeding a given An, in n

consecutive trials
n = number of trials in either 10,000 or 20,000 flight
hours

Tables V through VIII present the results of the
above calculations. As indicated in these tabies, the opera-
tional categories have the following trends: Imstructional
has the highest probability of exceeding the design and ul-
timate n; limits during maneuver; Aerial Application has a
high probability of exceeding the design n; limits but a low
probabiiity of exceeding the ultimate n; limits during maneu-
ver; Commercial Survey has the highest probability of exceed-
ing the design and ultimate n; limits due to gust; and Aerial
Application has almost a zero probability of exceeding the
design n; limits due to gusts.

2.4.2 Maneuver Load-Gross Weight Relationships

Relationships between recorded maneuver loads and
design gross weights were determined over the range of aircraft
gross weights in the normal aircraft category. The three An,
values at each gross weight represent 50%, 90%, and 95% proba-
bility levels and are based on 20,000 flight hours. An aircraft
flying 20,000 hours at a given gross weight has a 50%, 90%, or
95% probability of never exceeding the corresponding An, value.
The technique for computing these An, values is the same as that
discussed in Section 2.3, V-N Probability Distributions. Since
the actual weight conditions corresponding to the recorded n,
values were not available, Figure 15 is a plot of An, versus
design gross weight for each of the three probability levels.
Also shown in Figure 15 is a curve of the minimum design load
factor as stated in FAR Part 23, Section 23.337 for the normal
aircraft category. Tabie IX presents the design gross weights,
number of recorded flight hours, number of recorded flights, and
Anz values for each probability level.
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TABLE IV. EXTREME VGH VALUES PER FLIGHT BY OPERATIONAL CATEGCRY

VGH hr: 3377

POSITIVE MANUEVER
OPERATION 991 -~ TWIN ENGINF EXECUTIVE

-
AZC TYOF o6 o5 o6 o7 o8 .9 1.0 1.l 12503 1eh 103 16 LT 1m0 2en 207 YA
. s3 171t s 3 1 1 2 1 §<
? 296 130 46 39 23 15 3 5 4 i 1 2 1 2 1 592
3 20 7 5 2 3 1 1 1 1 1 1 42
sa 132 60 46 26 18 7 T 10 3 2 1 2 310
1 B 26 9 13 7 6 2 3 2 4 1 1 110
TOTAL  S31 2649 134 L 52 0 13 21 ic 7 3 2 S 2 2 i 1 1149
NEGATIVE MANUEVER
NPERATION 991 -- TWIN ENGINF FXECUTIVF
An? -~
AZC TYPE 4% 4% o6 o7 o8 o9 1e0 1ol 142 13 1a& 15 146 1.7 1.8 1.9 TRFAL
- 24 [ 2 3 11
b 22 8y 32 ? R 33R
3 s 2 1 [
53 3 28 0 4 3 1 119
1 12 6 2 1 1 42
TOTAL 362 03 4T 12 13 1 53A

VGH hr: 1366

POSTYIVE MANUEVER
OPERATION 992 == SINGLE FNGINE EXFCUTIVF

A/C TYPE b .5 .6 .7 o8 «9 1.0 1.1 I.ZAMII.I 1ot 1eS 148 1.7 1.8 1.9 TOTAL
7A 12 2 1 2 17

94 54 2R 14 14 ? 7 1 2 4 3 5 137

A L1 &1 26 19 3 11 3 S 1 1 2 1 2 201
TOTAL 152 kAt el 38 10 i8 4 T 3 4 7 1 2 355

MEGATIVE MANUEVER
NPEPATION 992 -- SINGLE FNGINE FXFCUTIVF

A/C TYPE 24 P Y TS AL NS P I P l-gs"ﬁ-B Tobd 145 146 1a7 1o 1.9 2.7 Y2 10TAL
A & 4

A “R 13 16 17 n 8 5 116

[] 42 15 9 1 1 \ 1 "
TOTAL 94 28 23 L 12 9 [ 150

ivuPnow UCIBILITY OF THE

ORIGINAL PAGE IS POOR__, 33
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TABLE iIV. - Continued

VGH hr: 724

POSITIVE MANUEVER
OPERATION 993 -~ PERSONAL

AZC TYPE o6 o5 o6 o7 o8 29 1.0 L.l 1.?"7\.3 1-6 1e5 1e6 1.7 lo8 1.9 2.0 2.2 TOTAL
128 38 17 15 11 H 4 L 3 2 1 1 1 103
10A 21 (] 4 H 4 1 1 b

i 26 7 . 2z 3 i ®3
TOTAL 8% 32 23 18 4 7 6 4 2 | i 1 i 199

NEGATIVE MANUEVER
OPERATION 593 == PERSONAL

AIC TYPE  oh o5 o6 o7 8 .9 1.0 1.l n.zAui.a 1od 1.5 1.6 1.7 1.8 1.9 TOTAL
128 s 7 9 1 2 1 1 1 40
10A 7 L 2 3 & zn.

1] 7 1 1 1 10
YovAL 32 12 11 & 7 2 1 1 70

VGH hr: 2843

POSiTIVE MANUEVER
OPERATION 994 -- INSTRUCTIONAL

A/C TYPE o4 o5 o6 o7 o8 o9 1.0 1.1 x.zANE.a lod 105 1a6 1.7 18 1,9 2.0 2,1 2,3 2.4 3.1 1.2 TOTAL
14 S6 46 30 9 IR 10 15 13 . . 1 i 3 1 1 \ 1 232
16 115 7T SO Se 45 32 21 14 17 1e 6 11 9 2 2 . 1 1 475
17 86 36 33 26 13 1e ] 2 2 . 1 T 11 226
s $2 38 24 3+« 19 16 20 6 s 1 3 1 1 1 1o 1 2 t 224
13 183 121 R0 S8 46 43 3% 23 20 17 19 3 5 3 2 \ 657
TOTAL 490 1316 217 201 141 113 99 58 48 40 24 24 18 4 5 8 ? 5 1 1 2 1 18c9

NEGATIVE MANUEVER
OPERATION 994 == INSTRUCTIONAL

AZC TYPE  ob o5 o6 o7 o8 o9 143 1lal l.?uzl.s Ted 145 1e6¢ 17 1.8 1.9 2.0 2.1 TOTAL
16 51 29 9 ()} 3 100
16 92 40 30 9 [ 4 3 1 185
17 ™ 30 25 9 4 2 1 149
1% 8 3% 11 5 4 3 3 99
13 158 118 ¢ 23 7 2 i { Ine
TOTAL 417 2%2 151 % 21 14 [] 1 1 919
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TABLE IV. - Continued

VGH hr: 2291

POSITIVE MANUFVER
OPERATION 995 -- COMMERCIAL SURVEY

A/C TYPE ak o5 =5 7 .8
19 5 [ 5 3
164 17 1e 9 18 22
Qn 42 19 18 16 11
49 14 16 22 16 22

TOTAL 78 55 54 51 5

POSITIVE MANFUVER
OPFRAYION 995 -« (NUMERCIAL SURVEY

A/C TYPF 240 241 2.2 2.3 244

19 ] 3 2 2
16A 1

98

49 1

TOTAL 7 1 3 2 2

NEGATIVE MANUFVER
OPERATION 995 == COMMERCIAL SURVEY

A/C TYPF b .S .6 o7 of

19 20 12 9 3

164 26 10 1

R 2! 13 & 2
4«9 53 31 9 “ 4

TOTAL 120 66 21 7 6

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR__,

AON?
9 1e0 1ol 142 1e3 1e& 1.5 146 1.7 1.8 1,9

33 46 s 7 57 24 13 10 .} 9 1

20 14 19 25 21 9 7 3 3
63 67 101 105 82 37 20 16 14 1 3

(CONT INUED)
ON?
2.6 247 2.8 2.9 3.1 3.3 3.6 3.5 3.6 TOVAL
s 2 3 3 2 1 2 1 1 69
436
130
212

ANz

v9 1eN 1al 1a2 143 1e6 145 1a6 1e7 1.8 1.9 TOTAL
1 1 46
1 2 3 “1
1 41

1 102
3 3 1 1 230
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TABLE IV. - Continued

VGH hr: 484

POSITIVE MANUEVER
OPERATION 996 == AERIAL APPLICATION

ANy
AZC TYPE o6 o5 46 o7  of 49 1.0 1ol 1e2 13 1a6 185 106 1eT 1e8 1e9 2.0 2.1 2.2 243 2.6 2.5 TOTAL
24 71 127 126 119 86 67 49 39 14 12 2 3 3 2 720
23 16 15 13 6 18 18 &7 75 101 164 167 190 178 146 111 65 41 20 10 6 3 1 1409

TOTAL A7 162 139 125 104 85 96 1ls 115 176 169 193 1Al 146 111 85 41 20 10 & 3 1 zi20

NEGATIVE MANUEVER
OPERATION 996 == AERIAL APPLICATION

A/C TYPF oh 5 N o7 o8 «9 1.0 1.1 lf%N]l.J Jeb 15 leb 107 1.8 1.9 TOTAL
26 176 98 45 14 (] 337
23 63 55 107 167 315 317 195 98 21 i 1 1 1341
TOTAL 237 153 152 181 321 31T 195 L1 21 t 1 1 1678

VGH hr: 1510

POSITIVE MANUEVER
OPERATION 997 -~ COMMUTER

A/C TYPE & 5 o6 o7 o8 o9 10 1.1 1.9"21.3 led 1.5 1e6 1 7 1.8 1.9 TOTAL
28 20 7 3 2 4 1 37
26 102 2! 11 9 2 “ i 1 1 1 3 156
TOTAL 122 28 14 11 [ 1 1 2 1 3 193

NEGATIVE MANUEVER
OPERATION 997 -- COMMUTER

AsC TYPF b .5 b o7 .8 9 1.0 1la1 1.§;Na.3 lek 145 1o 17 1.8 TOTAL
z8 ? 1 2 10
26 56 13 & [ 2 1 82
TOTAL &3 14 6 6 2 1 92
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POSITIVE GUST

OPERATION 991 -- TWIN ENGINE
A/C TYPF ok 5 ot o7
4 60 34 23 9

2 178 98 36 24

3 83 41 16 4

SA 236 16% 82 3

1 57 16 8 4

TOTAL 612 1354 145 4

NEGATIVE GUST
OPERATION 991 == TWIN ENG
A/C TYPE o 5 b

L] 50 34 21

2 163 a7 o4

3 L} 42 15

SA 243 1558 63

1 54 16 7

TOTAL %592 344 150

POSITIVE GUSY

OPERATION 992 -~ SINGLE ENGINE EXFCUTIVE

A/C TYPF oh %] b
TA 39 51 36
A 118 913 81
8 18 73 L3}

TOTAL 235 219 196

NFGATIVE GUST

OPERATION 992 == SINGLE FNGINE FXFCUTIVE

A/C TYPF ol 5 b o7
TA 45 43 31 27

94 116 105 80 42

8 118 95 s7 51

TOTAL 279 243 178 120

oo Yo
TABLE IV. - Continued
VGH hr: 3377

EXECUTIVE
anr
o8 49 140 1ol 1e2 1.3 1.4 145
14 4 4 1 2 1
13 . 1
. 2 2 2
21 1o 3 2 1 1
2 1
56 20 11 i 6 2 1
INE EXECUTIVE
ON2
o7 o8 49 1.0 lel 142 13 1eb 1.5
12 6 2 7 4
21 2 6 1
? 8 2 1
41 17 8 5 4 1 1
2 1 1
83 3% 19 13 « 5 1 1
VGH nr: 1366
AN?
eT o8 49 140 lal 162 143 1le4 1.5
24 13 7 3 2 1
69 38 1A 3 5 3 1 2 1
T2 ST % 26 1) 8 5 3 1
165 108 59 30 20 12 6 H 2
AN
o8 49 140 lel 142 1e3 Lah 1.5 Lob
12 3 4
37 12 ? 4 2 2 3 1
41 40 17 10 3 “
90 5% 2R 14 5 6 3 1

39

1.6

l.’

l06
1

1.6

‘07

1.8

l.’

1.7

1.8

1e9® 2o1 TOTAL

1.8

1.9

1 i53

3
1
5

66
54
65

Aa

1 1316

1.9 TOTAL
137

334

157

538

8l

1247

1.9 TOTAL
176
©32
450

1058

202 24%

TOTAL
166
411

LYY )

1025




TABLE 1IV. - Continued

POSITIVE GUST
OPERATION 993 -= PERSONAL

VGH hr: 724

A/C TYPE . o5 o6 o7 o8 29 1.0 14l 1.?“11.3 leé 1o5 leb 1,7 1.8 1,9 TOTAL
128 92 52 21 10 1 2 ! 179
104 49 40 18 > 4 1 i 118

11 «9 40 15 16 9 5 134

TOTAL 190 132 54 31 14 ? 1 1 1 431

NEGATIVE GUST
OPERATION 993 -~ PERSONAL
A7

AJC TYPE o6 o5 o6 o7 o8 49 1a0 1ol 12 1e3 leb 1.5 1e6 1.7 1.8 1.9 TOTAL

128 86 42 23 12 5 t 1 170

104 42 33 17 6 1 1 1 1 102

1 62 25 18 7 4 1 1 1 119

TOTAL 190 100 58 25 10 2 2 1 1 2 391

POSITIVE GUST
OPERATION 994 == INSTRUCTIONAL

VGH hr: 2843

A/C TYPF o 5 b o7 .8 9 1.0 Il l-ZANfoB Lo 15 1eb 127 1.8 1,9 2e1 3.3 T1OTAL
14 1R& 8R 26 13 2 i 3%
16A 150 145 A2 38 20 10 1 2 2 1 1 1 %3
17 77 8 18 9 2 164
s 113 67 35 14 6 2 1 1 239
13 586 252 S8 23 8 7 2 1 1 1 9137
TOTAL 1108 &in 219 97 28 19 4 3 1 3 1 2 1 1 21071
NEGATIVE GUST
OPCRATION 994 ~~ INSTRUCTIONAL
AN .
A/C TYPF o 5 b o7 .8 ¢ 1e0 1ol 142 1e3 1o 15 166 1o7 1.8 1.9 TOTAL
14 166 A9 21 5 1 ? 1 285
16A 166 121 73 38 1S 5 3 & 1 2 1 4«28
] 17 95 46 19 9 1 1 169
1% 122 13 27 s 1 s 1 240
13 5§29 180 48 23 7 2 1 790
TOTAL 1074 507 188 80 0 15 4 5 2 2 1 11911
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TABLE IV. - Concluded

: VGH hr: 2291

POSITIVFE GUST

3 OPERATION 995 == COMMFRCIAL SURVEY
:
: ONg
‘ AZC TYPE o6 o5 o6 o7 B o9 140 1ol 162 1e3 1e4 145 Led 17 1.8 1,9 2,2 TOTAL
t; 19 8 9 14 13 7 [ 5 1 H 2 67
: 16A 13 49 84 120 Re 90 31 1& 3 s 2 1 1 &01
9R 15 % 67 %5 28 27 2 5 2 4 2 3 1 275
*
“ 49 9 3 ) 17
7 . TOTAL 45 115 170 188 121 123 48 22 5 11 6 3 1 1 1 R&N
.
¥
; NEGATIVE GUST
f’ . OPERATION 995 -- COMMERCTAL SURVEY
§: LN
i AZC TYPF o6 o5 o6 o7 o8 o9 140 1ol 142 1o3 1o& 1.5 146 1o7 1.8 1.9 2.1 244 TOTAL
3 19 9 1 11 1 15 s 2 2 1 2 1 1 70
: 16A 15 47 49 66 102 11 56 33 23 22 7 5 3 1 1 497
: 9B 9 30 57 64 ) 26 27 9 5 2 1 t 1 276 R
- 49 1 1 2 14
.
, TOTAL 44 91 118 139 159 102 B3 44 29 26 9 s 4 2 1 | 857
‘ VGH hr:
¢ PASITIVE GUST hy 484
~ OMFSATI"N 496 -- KFRTAL APPLICATION
AN
A/C TYE ot o5 a0 7 oB 49 140 lel 142 13 1o 15 1a6 1e7 1.8 1.9 TOTAL
24 34 IR 4 1 ' 57
23 16 5 2 23
TOTAL SO 23 6 i 80
NEGATIVE GUST
OPERATION 996 == AFR!AL APPLICATION
AN?
AZC TYPE 46 o5 46 a7 o8B a9 140 1ol 142 1e3 Jo& 1.5 1e6 1.7 1.8 1.9 TOTAL
24 43 13 4 1 61
23 “ 7 i 17
TOTAL 47 20 4 1 1 T3
VGH hr: 1510
POSITIVF GUST
OPERATION 997 == COMMUTER
AN/
oot A/C TYPE ok o5 o6 a7 4B 9 1.0 1ol 1.2 1.3 leé 1.5 Lok 1.7 1.8 149 TOTAL
i 28 164 126 68 40 28 9 10 2 1 2 450
: 26 320 120 67 45 6 6 ? 1 1 1 569
{ InTAL R4 246 135 8BS 34 16 10 & 2 2 1 1 1019
: NEGATIVE GUST
12 OPERATION 99! == COMMUTER
,
N ON?
¥ AZC TYPE  ob &% a6 o7 o8 49 1a0 lal 1e2 143 1o4 1.5 1ab 1.7 148 1.9 TOTAL
‘s 28 149 105 12 %0 25 20 A 2 H 1 2 1 ©40
. 26 344 110 .9 21 15 A ? 1 1 571
y
*, TOTWl, 493 215 141 T 40 28 10 3 6 1 2 1 1011
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TABLE V. PROBABILITY OF EXCEEDING MANEUVER DESIGN LOADS IN
10,000 FLIGHT HOURS OF EXTRAPOLATED VGH DATA

Design Limit Design Ultimate
Operational Aircraft
. N n y . n, .
_Category Category 2 Probability z Probab(lity
Iwin-engine normal +3.8 487 +5.7 017
iaecutive
-1.52 Lo -2.28 Lana
Stngle-engine normal +5.8 L 717 +5.7 031
{recutive
-1.52 L3165 -2.28 NIk
Personal normal +3.8 .321 +5.7 007 i
-1.52 .0d6 -2.28 .004
[nstructional utility +4.4 .877 +6.06 052
-1.76 .514 -2.04 .084
Commercial utility +4.4 .000 +6.6 000 .
Survey
-1.76 013 -2.064 .004 i
Aerial normal +3.8 .850 +5.°7 000
Application
-1.82 000 -2.28 L000
Commuter normal +3.8 372 +5.7 L020
-1.52 L003 -2.28 L 000

TABLE VI. PROBABILITY OF EXCEEDING MANEUVER DESIGN LOADS IN
20,000 FLIGHT HOURS OF EXTRAPOLATED VGH DATA

Design Limit _ Design Ultimate
Operational Arrcraft n o n
_Lategory Category 2 Probability p Probability
[win-cngine normal +3.8 .737 +5.7 NURK]
laecutive
-1.52 L001 -2.28 000
Single-engine normatl +3.8 .920 +5.7 L061
Lxecutive
-1.52 .531 -2.28 .092
Perse al normat +3.8 .538 +5.7 014
1.52 .089 -2.28 .on”
Instructional utility +4.4 L9858 +0.0 L0l .
-1.76 . 764 2. 04 .lol
"’
commercial uti1lyty +4.4 006 +0.06 000
Survey
-1.76 026 -2.0d 007 .
Aerial normal +3.8 .978 +5.7 000
Application
-1.52 .a00 -2028 000 I
Commuter normal +3.8 L6006 +5.7 040 {
-1.52 .05 -o. 28 L0
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TABLE VII. PROBABILITY OF EXCEEDING GUST DESIGN LOADS IN
10,000 FLIGHT HOURS OF EXTRAPOLATED VGH DATA

;
'

e rmea

ATT AR, LYEo s T

Design Limit Design Ultimate
Operational Aircraft an 4
: _Caregory Category z Probability Ny Probabilaity
h ALegory —
3 Twin-engine normal +2.4 L1006 +3.0 002
4 Pxeeutive
g -2.4 .065 -3.6 L0035
% Single-engine normal +2.4 .27 +3.6 L001
g Pyecutive
: -2.4 .188 -3.6 .000 .
Personal normal +2.4 L002 +3.0 000 -
k -
-2.4 .004 -3.06 L000 :
[nstructional utility 42,8 .007 +3.75 . 000
3 .2.5 .009 -3.75 .000
f 2.
¢
¢ Conmercial atility +2.5 .516 +3.75 .005
. Survey
. -1.5 .729 -3.75 .014
\erial normal +2.4 000 +3.6 .00n
. \pplicdation
-2.4 .onpe -3.0 .000
vomnuter normal +2.4 .209 +3.0 006
-2.4 .390 -3.¢ 009
TABLE VIII. PROBABILITY OF EXCEEDING GUST DESIGN LOADS IN
20,000 FLIGHT HOURS OF EXTRAPOLATED VGH DATA
Design Limit Design Ultimate
Operational Aircraft R An .
Category Category M Probability Probabilit
Twin-engine normal 2.4 .201 +3.6 005
Iaecutive
-2.4 .126 -3.06 .001
Single-cnygine narma b +2.4 .468 +*3.6 LGO1
! Lxecutive
-2.4 L343 -3.6 001
i Personal normal +2.4 L0035 +3.4h 000 -
. 2.4 .007 -3.6 000
¥
. instructional utility +2.5 L0115 +3.75 .000
-2.5 .018 -3.75 .000
) tommercial utiiity +2.5 .765 +35.75 L0
Survey
H -2.5 026 3,78 L029
\erial nermal +2.4 .00 +3.0 RN
\pplication
-2.4 .00 -3 000 i..:
(ommuter normal +2.4 .374 +3.0 A2
Si.4 .628 S30 UM .
43
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TABLE IX. MANEUVER LOAD-DESIGN GROSS WEIGHT RELATIONSHIPS
DURING 20,000 HOURS OF EXTRAPGLATED VGH DATA

Probability of

:?f;:in VGl Data Never l,xccedilzgi ing )
height (1b) Hlours I11ghts 955 o0% 20t
1,150 1007.1 3117 3.10 3.03 2,94
1,950 310.6 522 1.66 1.38 3,01
2,700 569.1 562 5.37 4.71 3.73
1,000 319.8 382 2.99 2.74 2,27
1,300 1152.8 1578 2.38 2.29 20"
5,200 309.0 1417 3.03 2.99 2.86
10,250 914." 3277 5.24 4.89 3.82
11,000 6030 830 4.56 4.12 3. 30
24,500 824.1 731 2.47 2.35 212

2.5 Review of Categories

As previously noted, the eight operational catggories do
not correspond to the FAA aircraft categories, normal, utility,
and acrobatic. Although the eight operational categories more
closely identify the operational load experiences of the vari-
ous aircraft, the following analysis indicates the need for
their further refinement.

Figures 16-a, 16-b, and 16-c show that both the magnitude
and the frequency of the Ude's for the Twin-Engine lixecutive
category are greater in the 1829 to 6096 meters (6,000 to 20,070
ft) altitude range than in the 6,096 to 15,240 meters (20,000 co
50,000 ft) altitude range. Since aircraft flying in these two
altitude ranges experience different gust and maneuver loads, the
Twin-Engine Executive category should be separated into two catc-
gories, one for the higher flying turbojets and the other fer the
turboprop and piston aircraft.

The examination of the VG data by aircraft type shows that
when aircraft in the Single-Engine Executive and Personal cate-
gories fly at common airspeeds, their An;'s vary little. Al-
though the single-engine executive aircraft can operate at higher
airspeeds, the data analysis would not be affected by combining
the two catego.ies. Figure 10 shows that the ccnstant proba-
bility envelopes for the Personal category are considerably
higher than the FAR minimum maneuver load limits for aiicraft
in the normal aircraft category.
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The cxamination of the VGH data for the Commercial Survey
category shows that three of the four aircraft types in this
category had very different maneuver load experiences. This
suggests further breakdown of the Commercial Survey category by
mission type.

2.6 Fatigue Spectra

From the cistribution of repeated acceleration peaks re-
corded in the VGH data, fatigue spectra were derived for three
types of load conditions: gust, maneuver, and landing impact.
The ,ust accelerations were converted to derived gust velocity,
Ude- The gust and maneuver n;, peak distributions are presented
in Tables X and XI. The landing impact accelerations were
normalized by dividing the load factor n; by .67, the minimum
design inertia load factor.

2.6.1 Derived Gust Velocity (Ude)

2.6.1.1 Ude Computations

A derived gust velocity Ud. was computed for each gust
acceleration peak in the VGH data by using the following equation:

1. Kg Ude Vea
n, = 498 (W/S)

) v K = : . . . =9._88u
where hg subsonic gust alleviation factor 5.3_7_%§
ug - airplane mass ratio = 3£¥4§i
p Cc ag

U4, = derived gust velocity (fps)
p = atmospheric density (slugs/ft?)

w/S

wing loading (psf)

0|
"

mean aerodynamic chord (ft)
g = gravitational constant (ft/sec?)
Vo = equivalert airspeed (knots)

a = slope of normal force coefficient (1/rad)
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MANEUVER LOADS IN VGH DATA BY OPERATIONAL CATEGORY
vy
VGH hr: 3377
n
OOSITLr 2CCELFRATINN
.t .7 o’ .9 1.7 L 1.2 1 1e& 1S Lab te? Lon 1.9
2
k) 1 !
3 ) 1 {
. A 1
14 € < 7 H H
1 1n b 5 1 7 ! !
24 1n ’ [ 1 - H
7e (X3 9 k4 & 5 1 t i
2k - T ? ? 1 1
1 L € 1 i
1" 1 3
< * * 7
“ 3 1 2 2 L 2
1 “ - ! t4
1N L3 1 3 1 i 1
1 & 3 1 2
L 1r “ 1 t 1 1 H
14 a s ! ! 1 2 ?
v 15 3 1 1 1
17 in 7 1 i 2
n 4 kY 2 2 N 1
° h 1 ? 1 1 1
113 > N 1 1 1 ?
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The valucs of Ve and o were computed from the mid-
values of the 10-knot indicated airspeed interval and the 2000-
foot pressure alititude interval containing thc recorded data at
the gust acceleration peak. The aircraft weight was assumed to
be constant for each instrumented aircraft and was set equal to
a normal operating weight estimated by the operator.

In the analysis of derived gust data computed from re-
corded c.g. vertical accelerations, it is important to note that
(1) the relation between An; and Ude 1s inversely proportional
to Ve so that the effects of inaccuracies in An, measurements are
magnified in Ude values at very low airspeeds, and (2) since the
An; measurements were not taken inside the digitizing thresholds
(+0.4g for most aircraft), the corresponding Ude values omitted
were as large as 14 to 17 feet per second for the various opera-
tions so that the validity of the presented Ude spectrum is lim-
ited to the range outside approximately :16 feet per second.
Table XII presents the calculated Ude peaks with a breakdown by
operational category and airspeed range.

2.6.1.2 Ude Spectra

The cumulative frequencies cf positive and negative
Ude peaks per nautical mile are presented in Figure 16 for the
seven operational categories represented by the VGH data. The
low altitude spectra for 0 to 1829 meters (0 to 6000 ft) in
Figure 16-a were most severe for the Commercial Survey category
and least severe for the Aerial Application category. The mid-
dle altitude spectrum for 1829 to 6096 meters (6,000 to 20,000
ft) in Figure 16-b were relatively closely grouped with the Com-
mercial Survey category having the most scvere spectrum. As
shown in Figure 16-c, only the Twin-Engine Executive category
had a gust spectrum above 6096 meters (20,000 ft).

As described above, it is likely that the Ude spectra
below 16 ft/sec (5 m/sec) are biased by the acceleration digi-
tizing threshold at the lower airspeeds. For this reason, the
Ude curves in the region of bias are shown as dashed lines.

2.6.2 Gust Accelerations

The cumulative frequencies of positive and negative
gust load factors per nautical mile are presented in Figure 17.
The largest gust acceleration of 3.3 was recorded by an air-
craft in the Instructional category and the highest frequency
of gust acceleration peaks was recorded by an aircraft in the
Commercial Survey category.

2.6.3 Maneuver Normal Load Factors

The cumulative frequencies of positive and negative
maneuver normal load factors per hour, per flight, and nautical
mile are presented in Figures 18-a, 18-b, and 18-c, respectively.

66



wre-

L N R TR A g e

Cer e

e o

TABLE XII.

Ude PEAKS IN VGH DATA BY OPERATIONAL CATEGORY
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TABLE XII. . Continued

VGH hr: 1366
b. Operation 992 - Single Engine Executive

Positive Ud, Peaks
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TABLE XII. . Continued
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TABLE XII. - Continued 5 N

VGH hr: 2843
d. Operation 994 - Instructional ‘

Positive Ud, Peaks
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Continued
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The Aerial Application category has the highest fre-
quancy of maneuver loads with 100 peaks per hour above 0.5 ng,
one peak per hour above 1.77 n,, and one pezk per hundred hours
above 2.38 ny,. The Commercial Survey and [nstructional cate-
gories have the next highest frequencies at all levels up to
2.5 n; and the highest frequencsies above 2.5 n;. The most ex-
treme negative maneuver load or -1.9 n; was recorded by an air-
craft in the Instructional category.

2.6.4 Landing Impact Acceleration Ratios

The cumulative frequencies of the positive impact ac-
celeration ratio, n;/2.67, per landing are presented in Figure
19. The 2.67 divisor is the minimum ground load design inertia
load factor specified in Reference 2. The largest landing im-
pact acceleration was recorded by an aircraft in the Instruc-
tional category but the highest frequencies at all n;/2.67 ra-
tios below 0.95 were recorded by aircraft in the Aerial Appli-
cation category.

2.7 Landing Impact Probabilities

The Angz,., values in this section are the initial positive
landing impac% accelerations recorded during each landing impact.
With the An;'s grouped in 0.lg increments, the data represent
the combined values from operational and checkout flights.

Since the recorded An,'s are the initial positive values,
they may not be the maximum values that occurred during landing
impacts. Therefore, the small percentage of occurrences in the
itn. range from 0.0g to 0.1lg were excluded to make the frequency
distribution for each operation more realistic. Further inves-
tigation showed that these exclusions would have had negligible
effect on the analysis.

Table XIII summarizes the numher of operational and check-
out landings for the aircraft types in each operationul category.

2.7.1 Analysis

The ext.:me value theory discussed in Reference 5 was
used in the analysis of the frequency distributions of landing
impact data. The thecory provides a limiting form of the maximum
value distribution; this form is a simple analytic function.
This section outlines the procedures used in deriving the fre-
quency distributions and control curves, and presents the sta-
tistical data. Table XIV 1lists the symbols used in the follow-
ing discussion.
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TABLE XIII.

Operational Category/
Aircraft Type

Twin Engine Executive Totals

Aircraft Type
Aircraft Type
Aircraft Type
Aircraft Type
Aircraft Type

1
2
3
4
SA

Single Engine Executive Totals

Aircraft Type
Aircraft Type
Aircraft Type
Aircraft Type

Personal Totals
Aircraft Type
Aircraft Type
Aircraft Type

7A
8E
9A
9C

10A
11
12b

Instructional Totals

Aircraft Type
Aircraft Type
Aircraft Type
Aircraft Type
Aircraft Type

13
14
15
16A
17

Aerial Application Totals

Aircraft Type
Aircraft Type

23
24

Commercial Survey Totals

Aircraft Type
Aircraft Type

Commuter Totals

Aircraft Type
Aircraft Type

TCTALS

9B
16A

26
28

83

SUMMARY OF OPERATIONAL AND CHECKOUT LANDINGS BY
OPERATIONAL CATEGORY AND AIRCRAFT TYPE

Number of Landings

Operational Checkout
Flights Flights Total
2975 422 3397
749 164 913
595 63 658
167 31 198
504 23 527
960 141 1101
784 36 820
108 0 108
260 10 270
382 22 404

34 4 38
1642 0 1642
260 0 260
256 0 256
1126 0 1126
4422 0 4422
1904 0 1904
731 0 731
236 0 236
1104 0 1104
447 0 447
1245 0 1245
921 0 921
324 0 324
671 1 672
293 1 294
378 0 378
4977 15 4992
2621 10 2631
2356 5 2361
16716 474 171590
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TABLE XIV. SYMBOLS USED IN LANDING IMPACT STUDY

N
F*(Y)
W (y)

T(x)

m

statistical parameter of extreme value distribution
statistical parameter of extreme value distribution
reduced variable, defined by y = 1(x-u)

random variable

1-W*(y)

cumulative probability distribution of y, defined
as e-e’Y

number of maximum values

number of value in order from smallest to largest
number of occurrences in a Anz,.. band

reduced standard error of mth of n values

devived gust velocity

return period, number of occurrences required to
equal or exceed a value of x
Euler's number, equals 0.5772

(c/ﬁ)m

standard deviation of mth value, equals —-——
[} \/ﬁ

4 bar over a symbol indicates the mean value of

the variable

84
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2.7.2 Equations and Procedures

The following parasraphs present the equations and pro-
cedures used in calculating the extreme value distributicns.

After the raw data in Angz, ., bands of 0.ig were first
summed frcem largest to smallest bang, a relative cumulative
frequency was calculated. This frequency is represented by
the symbols (@) in Figures 20 through 27,

2

The mean values An and An were then calculated
Zmax Zmax

by

L bnzpay ¢ 1 Z Mgpay® ¢ f

An = and An 2 =
Zmax n Zmax n

where the thm values are the midpoints of the Anz,,, bands.

ax

The reduced standard error was then calculated by

- —_ 1
(0VA)m = [Bnzpay® - (Bnzpay)?]'/?

Next the statisticai parameters of the extreme value distribu-
ticn were computed by

_ /6{ovn)m
i

R

u = Ang .. - 1/a(0.5772)

Then the redu:ed variable distribution was computed by
y = “(Anzmax - u)

From the foregoing computations, the cumulative probability and
corresponding smallest value for the probability distributions
were calculated by

oY
Wr(y) = ¢ © F*(y) = 1 - W¥(y)

The smaiiest value for the probability distributions of the re-
Jduced variable were then plotted as solid lines in Figures 20
through 27. Table XV presents sample calculations {or avrbitrary
data.

N -~
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TABLE XV. SAMPLE CALCULATIONS FOR EXTREME LANDING IMPACT
PROBABILITY DISTRIBUTIONS

I
il -
-

max An_ An_ £ An -f
Rand max  f ef Pr(f) __“max © max Yy F*(y)
0.1-0.3 0.2 S3 87 1.00 10.0 2.12 -0.350 0.758
0.3-0.5 0.4 24 34 0.391 9.6 3.84 1.486 0.203
0.5-0.7 0.6 10 10 0 115 6.0 3.60 3.321 0.035
B, = 0.3 Ba,° =0.110
max max
(ovn)m = 0.139 1/a = 0 109
u= 0,238

With a breakdown by operational category, Table XVI
summarizes the maximum impact An; for each landing in the
entire data sample by listiug the number of such occurrences
in the respective An, bands.

After the extreme value curves were developed, a
method was needed tc measure the reliability of the sample es-
timates. As indicated in Reference 5, the 'control curve"
method derived by E. J. Gumbel provides a simple and rapid
method of indicating the reliability of extreme value distri -
butions. With this method, the standard deviation for thc
different curves at various levels of probability is calculated

by (o/i
o/n)

R ¢ 3

Smo= —/n

The extreme value curve plus or minus the standard deviation
gives a 0.68 probability, and plus or minus two times the stan-
dard deviation gives a 0.95 probability, that a sample value lies
within the interval,

For the ultimate value, the interval about the distri-
bution for 0.68 probability was found to be

+Sn = 1.&4
for 0.95 probability
tSn = 2&97
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The penultimate 0.68 and 0.95 probabilities were found to be

_ 0.754n _1.73n
N B Y ) ané  £5; 4 = a(n-2)
respectively.

The control intervals were extended along the extrap-
olated portion of the extreme value curve since the interval
around the most probable lairgest value does not depend on the
number of occurrences.

TABLE XVI. MAXIMUM LANDING IMPACT LOAD OCCURRENCES IN Ang
BANDS BY OPERATIONAL CATEGORY

Operational Category

Twin Single

Miapay Engine Engine Aerial Commer
1 Band’ Exec Exec Person Instr Applic Survey Ccmmut
? 0.1-0.2 500 71 253 503 50 144 1516
: 0.2-0.3 1117 202 463 1304 187 206 1528
% 0.3-0.4 876 188 367 969 268 129 845
E 0.4-0.5 495 153 228 676 246 84 458
4 0.5-0.6 234 89 123 375 168 47 206
: 0.6-0.7 96 67 75 203 111 25 84
¥ 0.7-0.8 38 24 28 114 73 13 21
é 0.8-0.9 22 15 16 99 48 5 4
£ 1 0.9-1.0 5 4 16 55 37 5 3
¥ 1.0-1.1 1 7 32 19
‘ 1.1-1.2 1 6 32 13

1.2-1.3 2 1 24 14
. 1.3-1.4 10 6

1.1-1.5 7 4

1.5-1.6 1 2 1 1

1.6-1.7

1.7-1.8 1

TOTAL-n 3389 816 1584 4407 1245 656 46606

2.7.3 Design Load Factor

In smoothing the irregular probability curve of the
recorded data, the extreme value theory provides a consistent
and rational basis for extrapolatior beyond the limits of the
recorded data. Since the frequency distributions are of the
exponential type, the numbe~ of occurrences required to reach
or exceed a given 4An, level can be computed by

et Bt Ak o . v
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log, T(4n,) = a(x - u) (Reference 6)

or
(v -
T(Anz) = g2\ ¥ n) . 4

Using these equations and the data from Table XVI, the number of
landings required to reach or exceed the minimum desigr impact
load factor of 2.67g can be determined. Table XVII presents
these totals for each operational category.

TABLE XVII. LANDINGS REQUIRED TO REACH OR EXCEED MINIMUM
DESIGN LOAD FACTOR

Ldgs to Reach or Exceed

- Operational Category Min. Design Load Factor

Twin Engine Executive 269,297
Single Engine Executive 19,295
Personal 19,554
Instructional 3,393
Aerial Application 860
Commercial Survey 81,321
Commuter 1,507,121

Composite 14,739

2.7.4 Low-Range Occurrences

As mentioned previously, the occurrences in the 0.0-
to 0.1-4n, range were excluded in the extreme value calculations.
The following discusses the effect of these exclusions on the
frequency distributions derived.

Table XVIII lists the number of An; occurrences omitted
in the extreme value calculations and the corresponding percent-
age of the total landings for each operational category.

On the basis of the percentages in Table XVIII, the
extreme value distributions for the Commuter cutegory were re-
calculated with the Anzpmax occurrences in the 0.0g to 0.1g range.
Figure 28 depicts the curves derived with and without the low-
range impacts. As apparent, the difference between the two ex-
treme value curves is negligible. The control curves were not
derived since they would reflect the same magnitude differences.
The high acceleration values between 1.2g and 1.5g would not be
present if more landing data was available.
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TABLE XVIII. SUMMARY OF 0.1G TO 0.2G DATA

No. of Percentage of

Operational Category Occurrences Landings
Twin Lngine Executive 8 0.23
Single Engine Executive 4 0.49
Personal 58 3.53
Instructional 15 0.34
Acrial Applications 0 2.0
Commercial Survey 16 2.38
Commuter 326 6.53

2.8 Airsveed Practices

As calculated from VGH airspeed data, the probabilities of
exceeding vhe design cruising speed ratio, V/Vi, and the design
dive speed ravio, V/Vp, are presented in Figures 79 through 35
and Figures 36 through 42, respectively. In each tigure, each
symbol set represents a particular aircraft in the operation
type, and the dashed line indicates the average probability for
the ratios at incremental V/V¢ and V/Vp levels.

Although 17 of the 24 aircraft types had airspeeds above
V¢, none had airspeeds above Vp. The highest probability of a
V~ exceedance is in the data for the Personal category. The
highest V/Vc ratios, approximately 1.2, are in the data fco the
Instructional and Commercial Survey categories. The highest
V/Vp ratio, approximately 0.925, is in the data for the Twin-
Engine Executive category.

Based on the Unusual Events VG data, Figure 43 presents
the probability of exceeding the V/Vp ratio on a log-normal
scale. For each of seven of the operational categories, the
curves are average probabilities at incremental V/Vp levels.
The maximum V/Vp point in the curve for the Twin-Engine Execu-
tive category represents only one occurrence at that level.
The high values in the curve for the Instructional category
are based on seven airspeeds with V/Vp ratios at or above 1.0
as recorded on two different aircraft types.

For each of the seven operational categories, Figures 44
through 50 present histograms of the percentage of flight time
spent in airspeed ranges for each aircraft type and the air-
craft composite in a category.
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Probability of Exceedance Versus V/V. for

Commercial Survey Category

Figure 34.
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PERCENTAGE OF FLIGHT TIME
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3. CONCLUSIONS

Or the v»asis of the number of recorded flight hours, the
VGH data sample was adequate for all operational categories
except the Aerobatic category. On the basis of the number of
records, the VG data sample was inadequate for the Aerobatic,
Aerial Application, and Commuter categories. The flight hours
in the VG and VGH data could not be compared since the VG
recorder registers only extreme values and the number and
frequency of coincident peak values are unknown.

The observed data distributions were log-normal in most
cases and approximately normal in the rest. The Commercial
Survey category had two distinct data distributions, one en-
route to and from the operational mission and the other during

the mission performance.

The Instructional and Aerial Application categories had
the highest probability of exceeding the design positive ng
limits for maneuver; the Instructional category had the high-
est probability of exceeding the design negative n, limits for
maneuver, and the Commercial Survey category had the highest
probability of exceeding the design n, limits for gust.

The Aerial Application and Instructional categories had
the most severe landing impact data since they required 860
and 3393 landings, respectively, to attain 1.67 An, while
the other categories required more than 19,000 landings to
reach this level.

Of the 24 instrumented aircraft types, 17 had airspeeds
above V~, but none had airspeeds above V. The Personal
category had the highest probabiiiiy v{ excecding Vg, the
Instructional and Commercial Survey categories had the highest
V/Vc ratios, approximately 1.2; and the Twin-Engine Executive

category had the highest V/Vp ratio, approximately 0.925.

Each of the eight operational categories had a distinct
load spectrum which reflected the operational characteristics
of the category definition, and the various aircraft types
within each operational category generally had loads which
conformed closely with the average spectrum. The data for the
Twin-Engine Executive category could be analyzed better by
separating the data for turbojets from the data for turboprop
and piston aircraft, Because of the close similarity in the
pertormance results, the Single-Engine and Personal categories
could be combined to simplify the analysis.
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4. RECOMMENDATIONS

A statistical method to substantiate the adequacy of the
sample size should be determined by periodic reduction and an-
alysis of the data while it is being recorded. Comparison of
each analysis to previous analyses should yield information
concerning the adequacy of data already recorded.

The V-N data for the constant probability envelopes, such
as those shown in Figures 7 through 13, should be refined to
assess the design requirements for the high-airspeed, high-
acceleration regime.

The landing impact spectra should also be investigated by

using sink rates instead of load factors because of the complex
dynamic transfer function inherent in the landing gear system.
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